The objective of this study was to determine the effects of an Aspergillus oryzae fermentation extract (Amaferm) as well as other factors on lactate utilization by the ruminal bacterium 
Introduction
Lactate is a common fermentation end product of some ruminal bacteria (Le., Streptococcus bouis) when high-concentrate diets are fed to ruminant animals (Slyter, 1976) . The accumulation of lactate in the rumen results in a decline in ruminal fluid pH, decreased fiber digestion, decreased digesta turnover, and dysfunction of the rumen (Huber, 1976; Slyter, 1976) . Megasphaera elsdenii is a Gram-negative bacterium found in high numbers within the rumen of animals fed grain-based diets (Stewart and Bryant, 1988) . This bacterium is thought t o be the predominant DL-lactate-utilizing species in the rumen and is 'Supported by BioZyme. Tnc., St. Joseph, MO and The Univ. of Georgia Agric. Exp. Sta. (project no. GE000512). 2To whom correspondence should be addressed.
J. h i m . Sci. 1993 Sci. . 71:2770 Sci. -2776 capable of fermenting up to 97% of ruminal lactate (Counotte et al., 1981) . In addition to fermenting lactate, M. elsdenii seems to play a major role in the production of branched-chain VFA in the rumen (Allison, 1978) .
M. elsdenii requires biotin, pyridoxine, calcium pantothenate, and factors found in casein hydrolyzate for growth on lactate (Bryant and Robinson, 1962; Forsberg, 1978) . Russell and Baldwin (1978) demonstrated that lactate utilization by M. elsdenii B159 is not subject to catabolite regulation by glucose or maltose. Recently, direct-fed microbials (yeast and fungal cultures) have been shown to stimulate lactate utilization by another predominant ruminal bacterium, Selenomonas ruminantium HD4 , 1993 . However, information is limited concerning factors that may affect lactate utilization by M. elsdenii. Therefore, the objective of this study was to examine the effects of an Aspergillus oryzae fermentation extract (Amaferm) as well as other factors on lactate utilization by M. elsdenii.
Materials a n d Methods
Organisms and Growth Conditions. Megasphaera elsdenii B159 and the recently isolated ruminal selenomonad strain H18 (Strobel and Russell, 1991) were used. Basal medium ( p H 6.7) contained (per liter): 292 mg of K2HP04, 240 mg of KH2PO4, 480 mg of (NH4)2S04, 480 mg of NaCl, 100 mg of MgS04.7H20, 64 mg of CaC12.2H20, 4,000 mg of Na2C03, 600 mg of cysteine hydrochloride, 1,000 mg of Trypticase (BBL Microbiology Systems, Cockeysville, MD), 1 mg of resazurin, 500 mg of yeast extract, 28.3 mmol of acetic acid, 8.1 mmol of propionic acid, 3.4 mmol of butyric acid, and 1 mmol each of valeric, isovaleric, isobutyric, and 2-methylbutyric acids (Martin and Russell, 1986) . A similar medium was also used in growth studies except that Trypticase and yeast extract were omitted. Sodium DL-lactic acid (Sigma Chemical, St. Louis, MO) (lo%, wt/vol) and sugars (20%, wt/vol) were prepared as separate anaerobic solutions under 02-free C02 (lactate, glucose) or N2 (sucrose, maltose), autoclaved, and added to the basal medium to achieve final concentrations of 2 g/L (lactate) and 6 g/L (glucose, sucrose, maltose). Incubations were performed anaerobically under C02 a t 39°C in batch culture.
Growth Studies. The effects of Amaferm ( A . oryzae fermentation extract; BioZyme, St. Joseph, MO) on the growth of M. elsdenii in lactate medium were examined. Because the Amaferm product is dried on a wheat bran carrier, a filter-sterilized filtrate was prepared by mixing 2 g of Amaferm in 50 mL of deionized Ha0 as previously described . Butyl rubber-stoppered tubes ( 18 by 150 m m ) containing 9.8 mL of basal medium either with or without Trypticase and yeast extract, Amaferm filtrate ( 2 or 5%, vol/vol), and DL-lactate were inoculated with .2 mL of a 24-h lactate-grown culture.
Optical density at 600 nm ( ODsoo) was read a t 0, 2, 4, 6, and 24 h and compared against a blank of uninoculated medium with a spectrophotometer. All incubations were performed anaerobically and in duplicate.
Lactate Uptake. Radiolabeled L-lactate uptake was examined in DL-lactate-grown cells that were harvested (80 mL) during exponential growth (OD900, approximately .90) by centrifugation (10,000 x g , 15 min, 4°C). Uptake by M. elsdenii was also examined in cells grown on either glucose, sucrose, or maltose. Cells were washed once with 02-free 100 mM sodiumpotassium phosphate buffer plus 5 mM MgC12 ( p H 7.2) and resuspended in 5 mL of buffer. The reaction mixture (1.0 mL) contained 100 mM sodium-potassium phosphate buffer, 5 mM MgC12, and 100 pL of whole cells (approximately 250 pg cell proteidml). To evaluate the effects of Amaferm on lactate uptake, 10 to 100 pL of filter-sterilized Amaferm filtrate or weighed amounts of the insoluble product (. 1 to 10 g/ L ) were incorporated into the reaction mixture. Buffer volume was reduced to accommodate the added filtrate. To account for nonspecific binding of radiolabeled L-lactate to the insoluble Amaferm product, reaction mixtures without added ruminal bacteria were used and compared to reaction mixtures that contained either M. elsdenii or strain H18. The values in Table 1 represent the difference between reaction mixtures that contained ruminal bacteria minus the reaction mixtures without added bacteria for each concentration of Amaferm. The reaction was started by the addition of 1 mM L-lactate that contained .2 pCi of L-[U-14Cllactate (169 pCi/pmol; Amersham, Arlington Heights, IL). Incubations were performed anaerobically under 02-free C02 a t 39°C for 5 min. The reaction was stopped by the addition of 2 mL of 100 mM LiCl and immediate filtration through a .45-pm pore size membrane filter (Millipore, Bedford, MA). The filters were then air-dried and cell-associated radioactivity was counted in an LS-9800 scintillation counter (Beckman Instruments, Fullerton, CAI. All incubations were performed anaerobically and in duplicate with variation indicated by SD. Uptake is defined as the amount of radiolabeled lactate retained within the cells trapped on the membrane filter. Monovalent Cations. The effects of Na+ and K+ on L-lactate uptake by M. elsdenii were examined in DLlactate-grown cells that were harvested by centrifugation, washed, and resuspended in either O2-free 100 mM potassium phosphate buffer plus 5 mM MgC12 ( p H 7.2) or 100 mM sodium phosphate buffer plus 5 mM MgC12, ( p H 7.2). Each reaction mixture contained 100 mM anaerobic sodium or potassium phosphate buffer, 5 mM MgC12, 0 to 150 mM NaCl or KC1, 100 pL of whole cells, and radiolabeled lactate.
Effects o f Metabolic

Effects o f Extracellular pH.
Radiolabeled L-lactate uptake by M. elsdenii was determined in anaerobic ( N 2) 100 mM sodium-potassium phosphate buffers plus 5 mM MgC12 adjusted to the desired pH value (4.0 to 8.0). Buffers were prepared by using either dibasic or monobasic phosphate buffers and the pH was adjusted to the desired working pH by using acid or base. Reaction mixtures were prepared and incubations carried out as described above.
Sampling and Analyses. To measure fermentation acids, cells were removed from the medium by centrifugation (10,000 x g , 15 min, 4°C). The cell-free supernatants and washed cells were stored at -20°C before analysis. Volatile fatty acids were measured by GLC using a Varian model 3400 gas chromatograph ). Fermentation product ( P < ,051.
concentrations were corrected for exogenous VF' A present in the growth medium. Washed cells were hydrolyzed in .2 N NaOH (lOO"C, 15 min) and cell protein was determined by the method of Lowry et al. (1951) using BSA as the standard.
Statistical Anulysis. All experiments were performed in duplicate ( n = 2 ) from two separate batch culture incubations. The growth data are presented graphically ( Figure 1 ) and the SD are shown; however, in most cases the SD were smaller than the symbols. If the CV was < 10% and the differences among means were > 3 SD, the values were assumed to be statistically different ( P < .05; Russell and Strobel, 1988; Russell and Chen, 1989) . If the CV was > 10% or the differences were smaller, significance ( P < . l o ) was determined using a Student's t-test (Snedecor and Cochran, 1967) .
Results and Discussion
Cereal grains and other concentrated energy sources are often fed to cattle to increase animal productivity and are economically important in the commercial production of both meat and milk. However, lactate is a common fermentation end product of some predominant ruminal bacteria ( S. bouis) when high-grain diets are fed to ruminants. Lactate concentrations between 15 and 30 mM have been reported in animals fed readily fermentable carbohydrates (Counotte et al., 1981) . Stimulation of lactate utilization by ruminal bacteria capable of fermenting lactate (i.e., S. ruminantium, M. elsdenii) may help buffer ruminal fluid pH and decrease problems associated with acidosis (Slyter, 1976) . Previous research has shown that Amaferm treatment abolished the postfeeding decline in pH when mixed ruminal microorganisms were incubated using the rumen simulation technique (Frumholtz et al., 1989) . In addition, Amaferm stimulated lactate utilization and growth on lactate by S. ruminantium HD4 Martin, 1990, 1993) . Although it has been established that M. elsdenii converts lactate to propionate and acetate by the acrylate (nonrandomizing) pathway (Gottschalk, 1986) , little information is available detailing factors that affect lactate utilization by this ruminal bacterium.
Effects of Amaferm on Lactate Utilization. Growth of M. elsdenii in medium that contained Trypticase, yeast extract, and 2 g/L of DL-lactate was only slightly stimulated (9%) by the addition of 5% Amaferm filtrate after 24 h of incubation (Figure l a ) . However, growth in a similar medium without Trypticase and yeast extract was increased more than twofold ( P < .05) a t 24 h by the addition of either 2 or 5% Amaferm Trypticase is an enzymatic hydrolyzate of casein that contains peptides and branched-chain amino acids (Russell et al., 1983; Chen et al., 1987) , and yeast extract is an excellent source of B-complex vitamins (Difco Laboratories, Detroit, MI). The ability of Amaferm filtrate to stimulate growth on lactate suggests that Amaferm provides growth factors similar to those found in Trypticase and yeast extract that are required by M. elsdenii for growth on lactate (Bryant and Robinson, 1962; Forsberg, 1978) .
Amaferm stimulated L-lactate uptake by M. elsdenii at concentrations between .1 and 10.0 g/L, and the 2.5 g/L level increased uptake 2.8-fold ( P < .05) ( Table 1 ) . The current recommended usage level for Amaferm in production ruminant diets is 3 g per animal daily. Assuming that the bovine rumen has a volume of approximately 50 L, this is equivalent to a concentration of .06 g/L. However, due to difficulty in accurately weighing such a small quantity of Amaferm .I g/L was used in our uptake assays. Addition of .1 g! L Amaferm stimulated L-lactate uptake by M. elsdenii approximately twofold. When Amaferm concentrations were increased above the 1.0 g/L level, uptake was decreased, but 10.0 g/L of Amaferm still stimulated uptake almost twofold compared with control incubations. Lactate uptake by the ruminal selenomonad strain H18 was also increased ( P < .05) 1.9-and 1.6-fold by 2.5 and 10.0 g/L Amaferm, respectively.
Filter-sterilized Amaferm filtrate increased L-lactate uptake by both M. elsdenii and strain H18 (Table  2) . Uptake by M. elsdenii was stimulated ( P < . l o )
approximately threefold by all concentrations of filtrate tested (10 to 100 pL/mL); the 20 pUmL level increased uptake 3.4-fold. Uptake by strain H18 was stimulated more than 2.5-fold by all concentrations tested ( P < .lo), and the 100-pLImL level increased uptake 4.7-fold ( P < .05). Previous research demonstrated that s. ruminantium HD4 requires L-aspartate, C02, p-aminobenzoic acid, and biotin for growth on lactate, and the requirement for L-aspartate can be replaced by L-malate or fumarate (Linehan et al., 1978) . Recently, it was shown that growth of S. ruminantium HD4 in DL-lactate medium as well as lactate uptake was stimulated in the presence of either L-aspartate, L-malate, fumarate, or filtersterilized filtrates of either Amaferm or a Saccharomyces cereuisiae culture , 1993 . Strobe1 and Russell (1991) reported that the ruminal selenomonad strain H18 utilized lactate as an energy source for growth, but only when sodium and aspartate were added to the medium. Malate or fumarate were able to replace aspartate without a sodium requirement (Strobel and Russell, 1991) . In addition to L-malate (Nisbet and Martin, 19901 , Amaferm also contains biotin, pantothenic acid, pyridoxine hydrochloride, vitamin B l 2 , and many amino acids including aspartic acid (compositional data from BioZyme). Furthermore, many strains of A. oryzae also produce fumarate (Sakaguchi et al., 1953) . Therefore, the Amaferm-mediated stimulation of lactate utilization by strain H18 seems to be associated with dicarboxylic acids and B vitamins, but the involvement of other soluble components cannot be ruled out.
The requirement for dicarboxylic acids in the metabolism of lactate by S. ruminantium is consistent with the presence of the succinate (randomizing) pathway in this microorganism (Gottschalk, 1986) .
Megasphaera elsdenii ferments lactate by the acrylate (nonrandomizing) pathway (Gottschalk, 1986) and does not require dicarboxylic acids for growth on lactate (Forsberg, 1978) ; however, this bacterium does have a requirement for B vitamins, and amino acids are stimulatory (Allison and Peel, 1971; Forsberg, 1978 (Marounek et al., 1989) . A small increase in the concentration of valerate ( P < .05) was noted when M. elsdenii was incubated in lactate medium supplemented with 2% Amaferm filtrate. These results differ from those observed with S. ruminantium HD4 because Amaferm filtrate increased the production of acetate, propionate, and total VFA .
Effect o f Sugars on Lactate Uptake. Megasphaera elsdenii B159 has a phosphoenolpyruvate-dependent phosphotransferase system for glucose transport (Dills et al., 1981; Martin and Russell, 1986 ) and sucrose utilization is subject to catabolite regulation by glucose or maltose (Russell and Baldwin, 1978) . Glucose and sucrose repress lactate utilization by S. ruminantium HD4, but M. elsdenii exhibits no catabolite repression for lactate utilization when cells are grown on glucose or maltose (Hishinuma et al., 1968; Russell and Baldwin, 1978; Marounek et al., 1989) . When M. elsdenii was grown on glucose, maltose, or sucrose, there was little change in L-lactate uptake compared to that of lactate-grown cells (Table 4) . There was no inhibition of L-lactate uptake in the presence of excess (10 mM) glucose, maltose, or sucrose (Table 5 ). In addition, there tended to be Table 4 . Means k SD (n = 2) of effect of growth substrate on L-lactate uptake by
Megasphaera elsdenii
Growth substrate Specific activity, nmol.rng of protein-l.rnin-l some stimulation of L-lactate uptake when any of the sugars were incorporated into the reaction mixture. These results are consistent with the observation that lactate utilization by M. elsdenii is not subject to catabolite repression by soluble sugars (Russell and Baldwin, 1978) . Incubation of M. elsdenii with excess (10 mM) D-lactate resulted in a 55% inhibition of Llactate uptake. Inhibition of L-lactate uptake by unlabeled D-lactate suggests that both isomers may be transported by the same membrane carrier.
Effects of Cations and Extracellular pH on Lactate Uptake. L-Lactate uptake by M. elsdenii was unaffected by the removal of sodium from the uptake assay, and sodium concentrations between 50 and 150 mM tended to decrease uptake (Table 6 ) . Similar results were obtained with potassium (data not shown). These results suggest that neither sodium nor potassium is involved in L-lactate uptake by M. elsdenii. High concentrations of sodiulh or potassium also tended to decrease xylose uptake by S. ruminantium HD4 (Williams and Martin, 19901 , whereas potassium concentrations between 10 and 150 mM stimulated glucose uptake by Bacteroides ( Prevotella) ruminicola (Martin, 1992) .
To ascertain whether extracellular pH influenced Llactate uptake by M. elsdenii, whole cells were incubated in anaerobic ( N 2) buffers adjusted to different pH values (Williams and Martin, 1990) ( Table 7) . Little change in L-lactate uptake by M. elsdenii was detected when the extracellular pH was between 6.0 and 8.0, but uptake was stimulated a t pH when grown on glucose in continuous culture (Russell and Dombrowski, 1980) . However, no growth was detected below pH 6.0 when M. elsdenii was incubated in glucose medium in batch culture (Russell et al., 1979) .
Metabolic Inhibitors. It has been previously reported that M. elsdenii is rather insensitive to ionophores such as monensin and lasalocid (Marounek et al., 1989) . Ionophores can inhibit substrate transport by disruption of cation gradients (Na+, K+) across bacterial cell membranes . Little is known, however, concerning the specific effects of ionophores on lactate utilization by ruminal bacteria. The addition of .01 mM monensin or lasalocid inhibited L-lactate uptake by M. elsdenii approximately 30% (Table 8 ). The lack of significant inhibition by either ionophore is consistent with the ability of M. elsdenii to utilize L-lactate in the absence of cations (Table 6 ) . L-Lactate uptake was inhibited < 3 1% by the ATPase inhibitor N, N-dicyclohexylcarbodiimide (DCCD). It is not known whether M. elsdenii B159 possesses ATPases. Therefore, the lack of inhibition by DCCD may be due t o the absence of these membrane-associated components in this bacterium. Carbonyl cyanide-rn-chlorophenylhydrazone ( CCCP), 2,4-dinitrophenol ( 2,4-DNP), and tetrachlorosalicylanilide ( TCS) are uncoupling agents that cause diffusion of protons into the cell. All three of these uncoupling agents decreased L-lactate uptake between 34 and 61%. These results suggest that protons may be involved in the uptake of L-lactate by M. elsdenii. The stimulation of uptake at low pH ( Table 7 provides additional evidence that protons may be involved in L-lactate transport by M. elsdenii because low extracellular pH corresponds to a high concentration of extracellular protons. The yeast Saccharomyces cerevisiae possesses an electroneutral proton-lactate symport (Cassio et al., 1987) , and Lactobacillus casei has been found t o transport several amino acids by a proton motive force-dependent mechanism . Based on the effects of extracellular pH and metabolic inhibitors on L- 
Implications
These experiments demonstrate that growth on lactate and lactate uptake by the predominant lactateutilizing ruminal bacterium M. elsdenii is stimulated in the presence of an A. oryzae fermentation extract (Amaferm). It seems that this stimulation is related to the B vitamin and amino acid content of Amaferm. There has been an increase in consumer concern over the use of antimicrobial feed additives to increase productivity in ruminant animals. The feeding of direct-fed microbials that stimulate lactate-utilizing ruminal bacteria could provide an alternate method to minimize economic losses associated with the feeding of high-concentrate diets to domestic ruminants.
